(12) INTERNATIONAL APPLI CATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
12 August 2004 (12.08.2004) 




PCT 



i am imitii n miiB inn hhi urn mi i ei m iiiib niiniui urn urn mi niim mi mi mi 

(10) Internationa] Publication Number 

WO 2004/068415 Al 



(51) International Patent Classification 7 



G06T 17/00 



(21) International Application Number: 

PCT/SE2004/000075 

(22) Internationa] Filing Date: 22 January 2004 (22.01.2004) 

(25) Filing Language: English. 

(26) Publication Language: English 



(30) Priority Data: 

60/319,915 
0300223-5 



30 January 2003" (30.0 1 .2003) US 
30 January 2003 (30.01.2003 ) SE 



(71) Applicant (for all designated States except US): SIDEC 
TECHNOLOGIES AB [SE/SE]; Fogdevreten 2 A, 
SE-171 77 STOCKHOLM (SE). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): SKOGLUND, Ulf 

[SE/SE]; Sveavagen 55, SE-113 59 STOCKHOLM (SE). 



(74) Agent: ALBIHNS STOCKHOLM AB; P.O. Box 5581, 
SE- 1 14 85 STOCKHOLM (SE). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MIC, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG, 
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, 
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, 
ZW. 

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), Euro- 
pean (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, 
GB, GR, HU, IE, TT, LU, MC, NL, PT, RO, SE, SI, SK, 

[ Continued on next page] 



(54) Title: METHOD FOR HIGH -RESOLUTION 3D RECONSTRUCTION 



S8 



< 

an 

00 



o 



CZ START 








Grow crystal 


^ S1 


▼ 




Select sample 


^ S2 






Crush crystal 


^ S3 


i 




VKrify 








Record tilt series 


"^S5 


+ 




3D reconstruction 




+ 




Analyze crystal 


-^S7 


fragment 


-s/S- 


poor 


^quality J>^. 




good^y^ 





. S9 



S10 



S11 



S13 



Determine repetitive 
structure and space group 




Refine geometry 



, 3D reconstruction incl. 
1 space group info. 



Correlation ave- 
raging 



.S12 



C T END , 



(57) Abstract: Abstract A method for achieving a high -resolution 3D 
reconstruction of a crystal, comprising the step of growing a crystal in a 
way known in the art characterized by the steps of Crushing the crystal 
into microcrystals, vitrifying a sample of the microcrystals for cryoTEM, 
recording a tilt series, and obtaining a first 3D reconstruction using the 
FB+COMET procedure. If the sample is of high quality, the repetitive 
structure and, if possible, the space group of the crystal are determined. 
If the space group could be determined, a second 3D reconstruction may 
be obtained including information about the space group. The method 
according to the i Abstract A method for achieving a high -resolution 3D 
reconstruction of a crystal, comprising the step of growing a crystal in a 
way known in' the art characterized by the steps of Crushing the crystal 
into microcrystals, vitrifying a sample of the microcrystals for cryoTEM, 
recording a tilt series, and obtaining a first 3D reconstruction using the 
FB+COMET procedure. If the sample is of high quality, the repetitive 
structure and, if possible, the space group of the crystal are determined. 
If the space group could be determined, a second 3D reconstruction may 
be obtained including information about the space, group. The method 
according to the invention enables the use of microcrystals for achieving 
3D reconstructions with a very high resolution, in the order of magnitude 
of 10A. 
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Method for high-resolution 3D reconstruction 
Technical Field of the Invention 

The present invention relates to a method for achieving a high-resolution 3D recon- 



Background and Related Art 

For the study of proteins and other large molecules by X-ray or neutron crystallog- 
raphy, the macromolecules are often grown into crystals first. The crystals must be 
relatively large, typically in the order of magnitude of lOpm. Such crystals are re- 
ferred to as macrocrvstals . 

It is difficult to achieve crystals of the required size. Only a small amount of the 
proteins can be expected to yield crystals that can be grown into large crystals at all, 
and for those who can, the process involves a lot of trial and error. 
The state of the art procedure for growing crystals is as follows: 
A buffer solution of the molecule that is to be crystallized is placed in a petri dish, 
either as a hanging drop or as a sitting drop, surrounded by a similar solution having 
a higher concentration of e.g. salt. Because of the different concentrations, the solu- 
tion in the hanging drop or sitting drop will then evaporate, causing a precipitation 
in the drop comprising a higher concentration of the molecule. The molecule may or 
may not have crystallized depending on the conditions. The conditions favouring 
crystallization are not the same for different types of molecules, which means that 
each type of molecule must be tried out individually. 

Usually a large number of samples are made and placed under different conditions, 
for example, different surrounding solutions, low temperature, high temperature, 
varying temperature, varying pH and ionic strength, hoping that some of the condi- 
tions will be favourable for growing crystals. In subsequent steps conditions that 
lead to the formation of microcrvstals (small crystals much less than about 10 mi- 



struction of a crystal as defined in the preamble of claim 1. 
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crometers) are adjusted and refined to obtain macrocrvstals which can be used for 
imaging by X-ray and neutron crystallographic techniques. 

The crystals formed range from veiy small to, in the best case, some that are large 
enough to be used. The samples that do not result in sufficiently large crystals, typi- 
cally the majority of samples, are discarded. 

Object of the Snvention 

Thus it is an object of the invention to enable the use of a larger fraction of the sam- 
ples for imaging.. 

Summary of the Invention 

This is achieved according to the invention by a method for achieving a high- 
resolution 3D reconstruction of a crystal, comprising the step of growing a crystal in 
a way known in the art characterized by the steps of 
Crushing the crystal into microcrystals 

Vitrifying a sample of the microcrystals for cryoTEM (Transmission Electron Mi- 
croscopy) 

Recording a tilt series 

Obtaining a first 3D reconstruction using an iterative reconstruction method in 
which a prior prejudice distribution is refined in at least one step on the basis of a 
comparison with the collected image information 

One such method would be to use filtered backprojection (FB) software, or some 
other fast procedure to get an initial estimate of the 3D structure, followed by an re- 
finement procedure that will result in a high resolution 3D structure. Preferably, af- 
ter the FB procedure the Comet technology, as described in the International Patent 
Application W097/33255, hereby incorporated by reference, (corresponding Euro- 
pean Patent Application EP 885 430 and Swedish Patent Application 9601229-9) is 
used for image reconstruction. 
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The Comet technology is based on the following steps: 
An initial estimated distribution of the sample is provided 

A blurred prior prejudice distribution is provided based on the estimated distribution 
Observed data of the sample is provided 

In an iterative process a calculating means calculates, for each iteration, a new esti- 
mated distribution of the sample using a comparison between the estimated distri- 
bution and the observed data of the sample. A new prior prejudice distribution less 
blurred than the previous one is also calculated. 

The iterations are continued until the difference between the new estimated distri- 
bution and the next preceding estimated distribution is less than a predetermined 
condition. 

If the sample is of high quality, the repetitive structure of the crystal and, if possible, 
the space group of the crystal is determined. 

If the space group could be determined, the geometry is refined and a second 3D re- 
construction, using a procedure as described above, for example the combination of 
filtered backprojection and COMET, is obtained including information about the 
space group. 

If the space group could not be determined, perform correlation averaging on the 
sample. 

Information about the quality of the sample can also be used as feedback for the 
process of growing crystals. 



The method according to the invention enables the use of microcrvstals for achiev- 
ing 3D reconstructions with a very high resolution, in the order of magnitude of 
10A. 
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This in turn means that such 3D reconstructions can be made for molecules that 
cannot be imaged by X-ray or neutron crystallographic techniques today because it 
has been impossible to grow large enough crystals for state of the art methods. Only 
a small amount of the macromolecules cannot be grown to microcrvstals . In con- 
5 trast, as mentioned above, only a minor portion can be grown to macrocrystals . 

A major advantage of the method is that molecules that have been modified can be 
identified and analyzed. Generally,, even if a molecule can be crystallized, a small 
modification such as the addition of a ligand can make it difficult or impossible to 
10 crystallize it into macrocrystals . Studies of how ligands are bound to a certain pro- 
tein are of great interest to protein chemists and with the inventive method this can 
be studied down to the level of which amino acid the ligand is bound to. The struc- 
tures can also be compared to protein structures that have already been determined. 
With the inventive method, therefore, a more flexible handling of ligands is enabled. 

15 

The inventive method will also enable 3D reconstructions to be made of entirely 
new types of molecules, like proteoglycans. 

Brief Description of the Drawing 

20 In the following the invention will be described in more detail, with reference to the 
appended Figure 1, which is an overall flow chart of the inventive method. 

Detailed Description 

According to the invention, when the preparatory process to grow crystals (SI) de- 
25 scribed initially is over, first the samples are examined to see which ones are likely 
to have any ciystals at all. This can be done by looking at them, first with the bare 
eye or with a light microscope, then for example through a Transmission Electron 
Microscope (TEM> 



30 



A sample that comprises crystals is selected (S2) and treated as follows:. 
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First it is subjected to a process, for example spinning (S3), to crush the crystals into 
very small crystals, microcrystals , in the order of magnitude of lOOnm. These mi- 
cro crystals can be treated in the same way as for proteins in a solution to vitrify 
them for cryo-TEM (S4), that is 
5 Place a thin film of the solution comprising the microcrvstals on a grid 

and plunge-freeze it 

Record a standard cryo-TEM tilt series for the ensuing 3D reconstruc- 
tion.. Align with, for example, gold markers 

Generate a 3D reconstruction (S6) using an iterative reconstruction method in which 
10 a prior prejudice distribution is refined in at least one step on the basis of a compari- 
son with the collected image information, for example the combination of filtered 
backprojection and COMET as discussed above. This involves first talcing a back- 
projection or getting an estimate of the structure in an alternative way before imag- 
ing using the iterative method. This results in information about the structure of the 
1 5 crystal fragment. 

Next the crystal fragment is identified and analyzed (S7). If it is of poor quality it is 
discarded (S9) and the process starts again with another sample. The information 
that the sample is of poor quality can be used as feedback to exclude the conditions 
20 under which the sample was placed, and which were not good for growing crystals. 

If the crystal fragment is of good quality, the procedure continues as follows: The 
information about the sample quality can be used as feedback to adjust the condi- 
tions used to grow it so that larger crystals can be grown. 
25 More importantly for the inventive process, the repetitive structure of the crystal is 
determined and its space group, if possible (S10). 

If the space group cannot be determined correlation averaging is performed (SI 2) on 
the repetitive fragments and the regularity of the lattice of the crystal is estimated. 
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This enables an assessment of the quality and also preliminary information about the 
3D structure. 

If the space group can be determined the process continues as follows: 
The geometry of the space group is refined, and its orientation is determined (SI 3). 
Imaging (SI 4) using the methods as discussed above including space group symme- 
try. This results in a 3D reconstruction having a very high resolution, probably of 
the same order of magnitude as what can be achieved for macrocrvstais using prior 
art methods. How to do this for an icosahedral structure has already been described 
in the International Patent Application W097/33255, hereby incorporated by refer- 
ence, (corresponding European Patent Application EP 885 430 and Swedish Patent 
Application 9601229-9). All symmetry groups, crystallographic as well as non- 
crystallographic can be readily implemented in the COMET procedure using the 
methods disclosed in this document since it only concerns averaging of the gradient 
maps in the search directions. In the example given in the reference the icosahedral 
symmetry was used in the refinement of the adenovirus structure by averaging the 
two search directions of the 3D gradient density maps of the chi-square and entropy 
functions. The averaging then precisely followed the specification for the 
specified symmetry group. The skilled person will realize that the COMET proce- 
dure can be applied to any. kind of symmetry operator and should be implemented in 
an analogous way to the example referred to above. 



ABSTRACT OF THE DISCLOSURE 



Abstract A .method for achieving a high- resolution 3D 
reconstruction of a crystal., comprising the .step of growing 
a crystal :in a way known in the art characterised "by the 
steps of Crushing the crystal into microcrystals , 
-vitrifying a sample of the microcrystals for cryoTEM, 
recording a tilt series, and obtaining a first 3D 
reconstruction using the FB+ COMET procedure.. If the .sample 
is of high quality, the repetitive structure ' and, if 
possible, the space group of the crystal are determined.. If 
the space group could :be determined, a second 3D 
reconstruction may -be obtained including information about 
the .space group.. The method according to the iAbstract A 
method for achieving a high-resolution 3D reconstruction of 
a crystal, comprising the step of growing a crystal in a 
way known :in the art characterized by the steps of Crushing 
the crystal into microcrystals, vitrifying a sample of the. 
microcrystals for cryoTEM, recording a tilt series, and 
obtaining a first 3D reconstruction using the FB+COMET 
procedure. If the sample is of :high quality,, the repetitive 
structure and, if possible, the space group of the crystal 
are determined. If the space group could be determined, a 
second 3D reconstruction may be obtained including 
information about the space group.. The method according to 
the invention enables the use of microcrystals for 
achieving 3D reconstructions with a very high resolution, 
in the order of magnitude of 10 ANGSTROM . 
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Claims 

1 . A method for achieving a high-resolution 3D reconstruction of a crystal, com- 
prising the step of growing a crystal in a way known in the art characterized by the 
steps of 

Crushing the crystal into microcrystals 

Vitrifying a sample of the microcrystals for cryoTEM 

Recording a tilt series 

Obtaining a first 3D reconstruction using an iterative reconstruction method in 
which a prior prejudice distribution is refined in at least one step on the basis of a 
comparison with the collected image information 

2. A method according to claim 1, wherein the iterative reconstruction method is the 
a filtered backprojection followed by the COMET procedure 

3. A method according to claim 2, further comprising the step of: 

if the sample is of high quality, determining the repetitive structure of the crystal 
and, if possible, the space group of the crystal. 

4. A method according to claim 3, further comprising the following steps: 

If the space group could be determined, refine the geometry and obtain a second 3D 
reconstruction including information about the space group. 

5. A method according to claim 4, further comprising the following step: 

if the space group could not be determined, perform correlation averaging on the 
sample. 
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